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A great effort is currently focused on the synthesis and characterization of materials exhibiting very low compressibility and large durability. 1 In particular, transition metal nitrides and carbides have attracted special attention. 2 These refractory materials have numerous industrial applications and a promising future, on top of being of great interest to the scientific community. Many incompressible nitrides have been recently discovered combining the application of high-pressure (HP) and hightemperature. However, only small amounts of them can be synthesized and their industrial preparation presents several difficulties. In contrast, interstitial bimetallic nitrides can be prepared in large amounts at ambient pressure, 3 having them (e.g. Ni 2 Mo 3 N, Co 3 Mo 3 N, and Fe 3 Mo 3 N) similar mechanical properties to many ultra-hard compounds. 4 In particular, their compressibility is smaller than that of cubic Si 3 N 4 and comparable to that of cubic BN. 4 Thus, interstitial nitrides could be considered as potential cheap substitutes for now-a-days industrial refractory materials. Isomorphic carbides 5 could be probably even better candidates since the substitution of nitrogen by carbon is expected to reduce compressibility. 6 In this work we extend the study of the compressibility and structural properties of molybdenum bimetallic compounds to Pd 2 Mo 3 N, Fe 3 Mo 3 C, Ni 2 Mo 3 C 0.52 N 0.48, and Co 3 Mo 3 C 0.62 N 0.38 . They were studied by HP x-ray diffraction (XRD) up to 48 GPa, being found to remain in their ambient-pressure cubic structure. They are also ultraincompressible materials, with Fe 3 Mo 3 C challenging the incompressibility of cubic BN. Pd 2 Mo 3 N was synthesized by ammonolysis of a crystalline precursor following the procedure described by El-Himri et al. Angle-dispersive x-ray diffraction (ADXRD) experiments at RT and HP were carried out at beamline I15 of the Diamond Light Source using a diamond-anvil cell (DAC) and a monochromatic x-ray beam (λ = 0.4246 Å). Samples were loaded in a 100-µm hole of a rhenium gasket in a DAC with diamond-culet sizes of 300 µm.
Pressure was determined using ruby fluorescence 10 . For Fe 3 Mo 3 C a second experiment was carried out using gold as pressure marker. Table I , showing good agreement with previous data. 3, 5, 9 Both structures have been already extensively Before continuing the discussion of the results, we would like to comment on possible non-hydrostatic effects in our experiments. It is known that 16:3:1 methanolethanol-water is not a hydrostatic pressure-medium beyond 11 GPa 13 . This typically induces peak broadening, which in our case can be noticed in Fig. 2 . However, in previous experiments, it has been established that non-hydrostatic stresses do not influence, at least up to 50 GPa, the structural stability of isomorphic compounds. 4 In particular, we have here checked that the lattice-parameters obtained from multiple diffraction lines of the same compound agree within their experimental uncertainties.
Therefore, the possibility of a pressure-induced tetragonal or rhombohedral distortion of the cubic structure 16 caused by non-hydrostatic stresses can be excluded.
From the refinement of the diffraction patterns, we obtained the pressure evolution of unit-cell parameters (and volume) in all compounds. We also refined the internal atomic positions and found that their change with pressure is comparable to experimental uncertainty. Therefore, we decided to neglect the pressure effect on atomic positions. As can be seen in Fig. 2 , good fittings are obtained in the refinements. 5 Comparable results were obtained at different pressures in the four studied compounds.
The pressure dependence of the unit-cell volume is plotted in Fig. 3 . There it can be seen that the compounds here studied are highly incompressible. The pressure-volume data have been analyzed using a third-order Birch-Murnaghan equation of state (EOS).
The obtained volume at ambient pressure (V 0 ), bulk modulus (B 0 ), and its pressure derivative (B 0´) are summarized in Table I . The bulk modulus of Ni 2 Mo 3 C 0.52 N 0.48 (344 ± 4 GPa) is 4% larger than that of Ni 2 Mo 3 N (330 ± 8 GPa). 4 The bulk modulus of Pd 2 Mo 3 N (333 ± 3 GPa) is around 6% larger than theoretical values (312 -313 GPa) 4, 17 and comparable to the bulk modulus of Ni 2 Mo 3 N. 4 The bulk modulus of . Thus, apparently this bond is even less compressible than the Mo-N bond, which is consistent with the fact that the substitution of N by C may produce a decrease of compressibility in the studied materials. This observation is also consistent with conclusions previously obtained for noble metal nitrides and carbides. 25 
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In the past, based upon the calculated shear modulus (G), 4 interstitial nitrides have been considered as good candidates for hard materials. In the present case the shear modulus can be estimated using the determined bulk modulus. For an isotropic system G can be directly related to B 0 according to In Summary, we have studied experimentally the compressibility and structural properties of bimetallic nitrides, carbides, and carbonitrides. They are stable in their cubic structure under extreme compression and have large bulk moduli. In particular An advantage of interstitial nitrides and carbides is that they can be 8 synthesized in large amounts without the use of high-pressure conditions. Another interesting fact are their peculiar magnetic properties, caused by the narrow d-band they have sitting at around the Fermi level. 28 We hope that this work will stimulate further research on this interesting family of compounds. 
